In order to clarify intrinsic features of bulk glassy alloys, the structural control is the most significant factor. However, it is difficult to obtain a single glassy phase by conventional casting methods. Crystalline inclusions in Zr-based bulk glassy alloy are often seen on the fracture surface. Crystalline inclusions are easily formed in molten alloy state by inhomogeneous nucleation or impurities i.e. oxygen, magnesium dichloride and so on. In Zr 55 Cu 30 Ni 5 Al 10 bulk glassy alloy, most of the crystalline inclusions are probably considered as 3 type intermetallic compound with typical composition of Zr 51 Cu 28 Al 21 . The morphology of the crystalline inclusions is changed by the quantity of absorbed oxygen impurities in bulk glassy alloy.
Introduction
Ordinary bulk glassy alloy contains crystallized region and/or crystalline inclusions, when the cooling rate is not satisfied. Crystallization processes in Zr-Cu-Al 1) and Zr-CuNi-Al 2) alloys were examined to reveal the phase transitions to crystalline phases. Existing of crystalline inclusions is considered to enhance decreasing of strength and ductility of bulk glassy alloys. It was reported that the dendritic crystalline inclusions, which probably act as crack initiation site, have already formed in molten alloy before casting. 3) Inhomogeneity of molten alloy state in ordinary crystalline materials makes an advantage to obtain a fine cast uniform structure, as called inoculation process. However, in the case of bulk glassy alloy, homogeneity of molten alloy before casting is the most important factor to control the cast structure in glassy phase. 4) Crystalline inclusions should be removed to obtain good ductility and strength of cast bulk glassy alloys.
Besides, oxygen in Zr-based bulk glassy alloys enhances crystalline inclusions formation and growth. 5, 6) Oxygen forms complex oxide nuclei, 6) which act as nuclei of crystalline inclusions in bulk glassy alloy. Additive rareearth element reduces the influence of nucleation of crystalline inclusion to chance character of complex oxide surface with rare-earth oxide. 7) Hydrogen also enhances crystallization of Zr-based bulk glassy alloy. 8) The origin of such contamination of oxygen and hydrogen might be considered as magnesium dichloride because of its significant deliquescence. Ordinary Zr raw materials made by Kroll method, which is called sponge Zr material, contain amount of magnesium dichloride with over 1000 mass ppm. We can avoid easily the influence of oxygen and hydrogen from raw materials by using high-purified Zr materials, whereas the Zr materials cost rather higher.
This paper intends to determine the sort of crystalline inclusion and the influence on fatigue and Charpy impact testing of Zr 55 Cu 30 Ni 5 Al 10 bulk glassy alloys. 9) Furthermore, the influence of cast process and oxygen concentration on the morphology of the crystalline inclusions was also examined to estimate the effect of crystalline inclusion on mechanical properties.
Experimental Procedure
Quaternary Zr 55 Cu 30 Ni 5 Al 10 bulk glassy alloys were examined in this study. The master alloy ingots were prepared by arc melting the mixtures of pure Zr, Cu, Al, and Ni metals in an argon atmosphere. The cast bulk glassy samples were prepared with squeeze casting method 3) in arc furnace. Oxygen concentration of the bulk amorphous alloys was measured using a fusion in helium gas-infrared absorption method. The cast structure was observed by optical microscope (OM) after nitric and hydrofluoric acid and scanning electron microscopy (SEM). The compositions of several phases in the quenched samples were determined by an electron probe microanalyzer (EPMA). The ductility of the bulk amorphous alloys was evaluated by Charpy impact test. Charpy impact test samples were prepared as 5 mm Â 10 mm Â 55 mm half size with U-notched. Fatigue lifetime was examined by tensile-tensile fatigue testing with load ratio as 0.5 and 0.13 Hz. The phase characterization of the cast samples was performed by X-ray diffractometry. Crystalline inclusion structure was examined by transmission electron microscope (TEM). Fig. 2 . Fatigue lifetime shows exponential decreasing with an increase of area fraction of crystalline inclusions at fatigue fracture surface, whereas the Charpy impact value shows linear decreasing with an increase of area fraction of crystalline inclusions at fracture surface. The existence of crystalline inclusions causes fatal drawbacks in fatigue properties. Figure 3 shows fatigue fracture surface with crystalline inclusions (a) and Charpy impact fractured surface with crystalline inclusions (b). The crystalline inclusions on the fractured surface can be detected with larger size over than 10 mm in diameter. Therefore, the crystalline inclusions, which diameters are less than 10 mm, were neglected in this figure. Figure 3(a) shows side-by-side crystalline inclusions, which are probably considered as cross-sections of arms in dendrite. In fatigue fractured surface, large dendritic crystalline inclusions usually cause other fatigue crack propagation to build up fatigue crack propagation network in threedimensional. Furthermore, the existence of crystalline inclusion causes formation of pre-cracked region in front of main fatigue crack to enhance the propagation significantly. marks on Charpy impact fractured surface. Since the secondary cracks are observed on the Charpy impact fractured surface (not shown), some crystalline inclusions might be fractured to make different fractured-planes except for the main-fractured-plane. Crystalline inclusions might be considered much more brittle than glassy matrix. As the conclusion, the crystalline inclusions should be removed to maintain the superior mechanical properties, which are originated to the intrinsic features of the bulk glassy alloy. In order to inhibit the formation of crystalline inclusions in Fig. 4 . The X-ray spectra of squeeze cast Zr 55 Cu 30 Ni 5 Al 10 bulk glassy alloy is also shown in Fig. 4 . The squeeze cast Zr 55 Cu 30 Ni 5 Al 10 bulk glassy alloy contains many crystalline inclusions, as shown in Fig. 1 . The same Xray diffraction peaks, which are denoted by dotted lines in Fig. 4 , are observed in the both X-ray spectra. Since the mean size of crystalline inclusion is larger than 100 mm, the values of peak intensity are not corresponding to each other. As the result, the sort of crystalline inclusions in the squeeze cast Zr 55 Cu 30 Ni 5 Al 10 bulk glassy alloy is considered as 3 intermetallic compound. To determine the crystal structure of the 3 intermetallic compound, we perform the TEM observation with selected area electron diffraction patterns. Figure 5 shows selected area electron diffraction patterns with incident beam from h110i (a), h111i (b) and h321i (c). The 3 intermetallic compound shows cubic phase of lattice parameter of 1.18 nm with face-centered order. The morphology of the crystalline inclusion is also important to control the influence on the features of glassy alloys. The size and morphology of the crystalline inclusions are quite different by the change of oxygen concentration. Figure 6(a) shows the crystalline inclusions morphology of cubic facet structure in large rod shape (10 mm Â 60 mm) Zr 50 Cu 40 Al 10 glassy alloy with low oxygen concentration less than 45 ppm. Such a small crystalline inclusions were sometimes formed by decreases of cooling rate due to large sized cast sample. In contrast, Fig. 6(b) shows dendritic grown crystalline inclusions morphology in large rod shape (10 mm Â 60 mm) Zr 50 Cu 40 Al 10 glassy alloy with high oxygen concentration over than 1000 ppm. The crystalline inclusions morphology is drastically changed by the oxygen concentration in Zr 50 Cu 40 Al 10 bulk glassy alloy. Therefore, we should control the oxygen concentration in Zr-based bulk glassy alloy to restrict the embrittlement by crystalline inclusions formation. In arc melting, bottom side of the ingot never melts perfectly having strong contact points (cold spots) against the cold Cu hearth. Furthermore, cold spots, which are formed at interface between the molten alloy and the hearth to release the charged electron from the arc fire to hearth, promotes amount of crystalline inclusions into the molten alloy. The crystalline inclusions are dispersed into the molten alloy by thermal convention. The crystalline inclusions were re-melted in topside of the ingot since the temperature of topside of the ingot reaches at high temperature by direct heating of arc fire. The crystalline inclusions are roughly classified into three types with difference in morphology, 1) free crystalline inclusion, 2) blow off mushy region and 3) oxidized film as like a cold shut, as shown in Fig. 7(a) . These morphologies are quite different by the difference in those formation mechanisms. Some crystalline inclusions are formed at cold spots as shown in Fig. 7(b) , some are formed by convention from the mushy region at bottom side as shown in Fig. 7(c) and some inclusions are inoculated on oxidized surface as shown in Fig. 7(d) . Therefore, we can identify the origin of formation of crystalline inclusion by the morphology. Oxidized films, as shown in Fig. 7(d) , were sometimes seen in ordinary metallic mold cast bulk sample as ''cold shut'' in bulk glassy alloys. Since the cold shut enhances the embrittlement, casting method should be improved to avoid the formation of cold shut. We propose the tilt-casting process 4) is much better than others to avoid the formation of cold shut.
Results and Discussion

Summary
In Zr-based bulk glassy alloy, crystalline inclusion is easy to form in molten alloy state before casting. The existence of the crystalline inclusion cause fatal drawbacks in mechanical features to use bulk metallic alloy for industrial materials. We examine the morphology of the crystalline inclusions in Zrbased bulk glassy alloys to remove them from the molten alloy state before casting. The results obtained are summarized below.
(1) Crystalline inclusions in bulk glassy alloys are roughly classified into three types: The first is dendritic crystalline inclusion formed at cold spot, the second is sphere shape crystalline inclusion formed by mushy zone in bottom side of ingot, and the third is small dendritic chain morphology formed at surface oxidized film. (2) Dendritic crystalline inclusions, which can be observed by OM in cast bulk glassy alloys, have already formed in molten alloy state before casting. Therefore, we should control the melting process before casting. 
